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According to the World Health Organization, 4.9-22.5% of European boys are overweight and 2.4-0.3% are obese. In girls, overweight ranges from 6.9 to 19.9% and obesity from 2.0 to 12.3% (1) . In children, overweight is of clinical interest because of its association with metabolic risk factors for cardiovascular disease, such as hyperlipidemia, hypertension (2, 3) , hyperglycemia, and insulin resistance (4) . Studies on tracking overweight report an increased risk of overweight and obese youth becoming overweight adults (5) and therefore childhood overweight has significant long-term consequences (6) .
Several studies have shown that, in adults, higher cardio respiratory fitness attenuates cardiometabolic 57 risk (7, 8) . Especially among those with obesity, fitness attenuates cardiometabolic risk. This finding generated the 'fat but fit' paradigm which states that fat but fit people have healthier cardiometabolic outcomes than fat but unfit people, and are sometimes even as healthy as unfit but not fat people. Cross-sectional studies on children and adolescents have also reported that among children and adolescents with high fatness, high fitness is related to decreased cardiometabolic risk (9) .
The influence of childhood fatness, and in particular the changes in fatness on cardiometabolic risk and how fitness effects this association has not been studied in depth. Therefore, the aim of this study was to investigate whether childhood fatness and increasing fatness from childhood to adolescence are associated with cardiometabolic risk during adolescence and how fitness affects this association.
Methods

Subjects
Data was collected as part of the 'TRacking Adolescents' Individual Lives Survey' (TRAILS) (10) . TRAILS is a prospective cohort study in healthy Dutch children who have been followed from age 11 into adolescence. TRAILS participants were selected from five municipalities in the North of The Netherlands. This study involves data from the first (mean age 11.4 yr, SD = 0.56) and third (mean age 16.1 yr, SD = 0.5) examination which ran from March 2001 to July 2002 and from September 2005 to December 2007, respectively. The initial TRAILS population consisted a total of 2230 children. Biochemical data and fitness were only measured in the third examination. For financial and practical reasons, schools were selected at random to participate in the collection of biochemical measures and/or fitness test. For this study 1665 children were excluded because no data were available on biochemical measures or fitness measures or children suffered from physical complaints which interfered with measurement of fitness (knee injuries). The final sample size included 565 children (283 boys and 282 girls). The study protocol was approved by the National Dutch Medical Ethics Committee on research involving human subjects. Written informed consent was obtained from the children and the children's parents or custodians.
Measures of fatness and associated metabolic factors
Height, weight, waist circumference, and skinfolds were measured at school after removing shoes and heavy clothing. Weight was measured in kilograms using a calibrated analogue Seca balance scale (Model 770; SECA Corp., Hamburg, Germany). Height was measured in centimeters using a Seca stadiometer (model 214; SECA Corp.). Waist circumference was measured in centimeters taken midway between the lowest rib and the iliac crest. Four skinfolds (triceps, biceps, subscapular, and suprailiac) were measured by trained study personnel using standardized protocols and calibrated equipment, i.e., a Harpenden skinfold caliper (CMS instruments, London, UK). Glucose, insulin, triglycerides, total cholesterol, high-and low-density lipoproteincholesterol (HDL-C) were determined from a fasting blood sample according to standard laboratory procedures. Low-density lipoprotein-cholesterol was calculated according to Friedwald's equation (11) . Insulin resistance was calculated as homeostasis model assessment-insulin resistance (HOMA-IR) using the following equation: [(insulin) × (glucose)]/ 22.5 (12) .
Resting diastolic blood pressure (DBP) and systolic blood pressure (SBP) were measured using Dinamap Critikon ® 1846SX (Critikon ® inc., Tampa, FL, USA)
on the right arm in a horizontal resting position. Mean arterial pressure (MAP) was calculated as:
Clustered cardiometabolic risk score A continuous variable was calculated for the clustered cardiometabolic risk. Waist circumference, fasting glucose, triglycerides, MAP, and HDL-C were transformed into Z-score and added. The metabolic risk score was calculated as the sum for the five Z-scores divided by 5. Thereby triglycerides were Ln-transformed to obtain a normal distribution and HDL-C was inverted. In the same manner a clustered metabolic Z-score was obtained with the exclusion of waist circumference.
Cardio respiratory fitness
A 20-m shuttle run test was used as an objective and validated measurement to assess fitness (13 (14) .
Pubertal stage
The stage of pubertal development at age 11 yr was assessed by parent ratings using schematic drawings of secondary sex characteristics associated with the five Tanner stages (15, 16) . At age 16 yr, the Pubertal Development Scale (PDS) questionnaire (17) was used to assess pubertal development filled in by the adolescents themselves. The PDS questionnaire was recorded into five stages comparable to the Tanner stages (18) .
Statistics
Data were analyzed using spss 18.0. Boys and girls were analyzed separately due to complex interactions between pubertal stage, fatness, CRF, and cardiometabolic risk that were related to gender differences. Triglycerides, insulin, and HOMA-IR were Ln-transformed because of lack of normality. A two-tailed Student's t-test was used to test for gender differences or Fisher's exact test in case of categorical data. Increasing fatness was calculated by subtracting Z-scores for fatness [body mass index (BMI) and skinfolds] at age 11 from Z-score fatness at age 16. The associations between childhood fatness, increasing fatness and fitness, and cardiometabolic outcomes during adolescence were studied by Pearson correlations. Regression analysis was performed to identify the independent contribution of fatness, increasing fatness and fitness to the clustered cardiometabolic risk score, and HOMA-IR. Children were categorized into four groups based on the increasing fatness. Two groups were created for children with negative scores ( BMI 1 < −1 and BMI 2 between −1 and 0), which means that those children gained the least weight; two groups were created for children with positive scores ( BMI 4 > 1 and BMI 3 between 0 and 1), which means that those children gained the most weight. In model 1, we evaluated the association between childhood fatness (age 11) and the clustered cardiometabolic risk score in adolescence, adjusted for age and study location, Tanner stage (age 11), and pubertal development stage (age 16). In model 2, increasing fatness was added to test its relation with the clustered cardiometabolic risk score. In model 3, fitness was added to evaluate its contribution independent of fatness and increasing fatness. In the final model, model 4, an interaction between fitness and increasing fatness was added.
Missing data were replaced with the series mean if missings were less than 1%. Missing data for skinfolds at age 11 (6.4% for triceps, subscapular, and suprailiacal; 23% for biceps) were replaced by imputation using available relevant variables (gender, age, weight at age 11 and age 16, height age 11 and age 16, and other skinfolds at age 16). Missing data for PDS (9.6%) were replaced by multiple imputation using available relevant variables [gender, age, and Tanner stage (age 11)] and anthropometric and biochemical measures.
Results
Gender differences
In boys, 11.8% were overweight at age 11 and 10.6% of the boys were overweight at age 16. In girls, 10.6% were overweight at age 11 and 10% of the girls were overweight at age 16 according to the international accepted definition (19) . Table 1 shows that at the age of 11 boys and girls did not differ regarding BMI, whereas the sum of skinfolds was higher in girls compared to boys (p = 0.02). At age 16, girls had higher BMI (p = 0.04) and sum of skinfolds (p < 0.01) compared to boys, whereas boys showed higher clustered cardiometabolic risk score when compared to girls (p < 0.01). This was due to higher MAP (p = 0.01), triglycerides (p = 0.02), fasting glucose (p < 0.01), and lower HLD-C (p < 0.01). As expected, boys had higher fitness (p < 0.01) compared to girls.
Childhood fatness, increasing fatness, VO 2 max, and cardiometabolic risk Table 2 shows that childhood fatness in boys correlated to the clustered cardiometabolic risk with and without waist at age 16. Childhood fatness in girls was related to the clustered cardiometabolic risk at age 16, however, this was fully explained by a correlation with waist circumference. Increasing fatness was significantly correlated to the clustered cardiometabolic risk in both boys and in girls and several, but not all, individual cardiometabolic risk factors at age 16. In boys and girls, VO 2 max correlated inversely with the clustered cardiometabolic risk, however, in girls this correlation was mainly explained by a correlation with waist circumference. Regression was used to study the associations between childhood fatness, increasing fatness, fitness, and the interaction between increasing fatness and fitness to the clustered cardiometabolic risk with adjustments for age, study location, and pubertal stage. Data are presented in Table 3 . Only models using BMI as a measure for fatness are presented, because BMI showed stronger associations with metabolic outcomes compared to skinfolds. In boys as well as in girls, childhood fatness predicted clustered cardiometabolic risk during adolescence (model 1). Model 2 showed that independently from childhood fatness, increasing fatness between age 11 and 16 was associated with clustered cardiometabolic risk. Weight gain in BMI 1, BMI 2, BMI 3, and BMI 4 was 13.6 ± 7.5, 19.6 ± 5.3, 26.0 ± 5.5, and 31.4 ± 7.2 kg, respectively. Model 3 shows that in boys, fitness was associated with clustered cardiometabolic risk independent of fatness and increasing fatness. In girls, there was only a trend for this association.
The interaction between increasing fatness and fitness (model 4) was only significant in boys. When adding the interaction to the model, the independent effect of fitness disappeared (β = 0.023; 95% CI: −0.006, 0.053), whereas the influence of increasing fatness increased. This interaction in boys was only significant when using BMI as a measure for fatness and not when skinfolds were used as a measure for fatness (β = −0.008; 95% CI: −0.08, 0.003). After excluding waist from the clustered cardiometabolic risk the interaction was no longer significant (β = 0.000; 95% CI: −0.014, 0.012). This interaction between fatness and fitness is graphically depicted in Fig. 1A , B.
Childhood fatness, increasing fatness, VO 2 max, and HOMA-IR
In boys, childhood fatness was related to insulin and HOMA-IR at age 16, whereas in girls increasing fatness was positively related to HOMA-IR (Table 2) .VO 2 max also correlated inversely with insulin and HOMA-IR. These correlations were moderate for boys (r = −0.314, −0.310, respectively) and small to moderate for girls (r = −0.180, −0.186, respectively). When adjusting for age, study location, and pubertal development, childhood fatness predicted HOMA-IR in boys (model 1) but not in girls. Increasing fatness (model 2) was associated with HOMA-IR independent of fatness (age 11) in girls but not in boys. Fitness (model 3) was associated with HOMA-IR independent of fatness and increasing fatness in both boys and girls. Only in boys was there a significant interaction between increasing fatness and fitness (model 4). As in the clustered cardiometabolic risk, when adding the interaction to the model, the independent effect of fitness disappeared (β = 0.008; 95% CI: −0.22, 0.038). Furthermore, the effect of increasing fatness increased and became significant (β = 0.592; 95% CI: 0.056, 1.129).Thus for boys the contribution of fitness to HOMA-IR depends on the growth in BMI between age 11 and 16. The larger this growth the higher the contribution of fitness. This interaction between fatness and fitness is graphically depicted in Fig. 2A , B.
Discussion
This study shows that childhood fatness and increasing fatness are independently associated with increased cardiometabolic risk and HOMA-IR during adolescence, and that good fitness attenuates this association especially in fat boys. In addition, in boys the effect of fitness on cardiometabolic risk and HOMA-IR depends on the increasing fatness. In girls, fitness only influenced HOMA-IR but not the cardiometabolic risk independent of childhood fatness and increasing fatness. In boys, measures of childhood fatness correlated to the clustered cardiometabolic risk either with or without waist circumference during adolescence. In girls, measures of childhood fatness were also correlated with the clustered cardiometabolic risk; however, this was fully explained by a correlation with waist circumference. Associations between childhood fatness and individual cardiometabolic risk factors in later life were found before in a study of 31 obese children who were followed from the age of 13 till age 22 (20) . Another study showed that the degree of fatness in childhood is tightly linked to adverse cardiometabolic outcomes in adulthood (21) . An interesting question that rises is whether there is an association between the initial degree of childhood fatness and later cardiometabolic risk or that childhood fatness is only relevant if it has tracked into later life. This study shows that, independent of the effects of childhood fatness, increasing fatness from childhood into adolescence is associated with clustered cardiometabolic risk and HOMA-IR during adolescence. A study with 186 obese adolescents who were followed for 19 months found that fatness was linked to individual cardiometabolic risk factors and changes in insulin sensitivity (22) . Cardiometabolic risk factors and changes in insulin sensitivity were assessed at baseline and after 19 ± 7 months. The cohort was stratified into three categories based on the 25th and 75th percentile of BMI Z-score change. Subjects who reduced their BMI Z-score significantly decreased their fasting and 2-h glucose levels and triglyceride levels and increased their high density lipoprotein cholesterol Table 3a were used for the regression line. Study location, Tanner, and Pubertal Development Scale were kept constant. Table 3b were used for the regression line. Study location, Tanner, and Pubertal Development Scale were kept constant.
in comparison to subjects who increased their BMI Zscore. BMI Z-score changes negatively correlated with changes in insulin sensitivity (r = −0.36, p < 0.001).
Of 67 who had metabolic syndrome at baseline, 33 (50%), most of whom decreased their BMI Z-score, lost the diagnosis. However, these studies used clinical (obese) populations. TRAILS uses a general and not a clinical population. Therefore, the finding of this study can be best compared with the findings of an Australian cohort study in which 172 children were followed from the age of 8 to 15 yr (23). They reported that children who were overweight or obese at 8 yr of age were seven times as likely to have cardiometabolic risk clustering in adolescence than were their peers who were not overweight or obese. They also reported that those with an increased waist circumference at age 8 yr were four times more likely to have cardiometabolic risk clustering in adolescence than were children with a smaller waist circumference. It was concluded that association between measures of fatness in mid-childhood and later adverse cardiometabolic risk is a result of the tracking of fatness status.
In line with other studies fitness was inversely related to the clustered cardiometabolic risk with or without waist circumference (24, 25) and HOMA-IR (26) . In boys, fitness was associated with clustered cardiometabolic risk and HOMA-IR independent of childhood fatness and increasing fatness. In girls, there was only an independent association with HOMA-IR but not with clustered cardiometabolic risk. This could be because of a lack of power or because of the absence of more overweight or obese girls in the study population. Nevertheless, these findings are in line with cross-sectional studies (27) which studied the mediation of fitness on the association between fatness and cardiometabolic risk by stratification. Children and adolescents with 'high fatness and high fitness' have better cardiometabolic risk profiles than those classified as 'high fatness but low fitness'. However, in these studies it is difficult to determine whether fitness modifies the association between fatness and cardiometabolic risk since fitness and fatness are heavily intertwined. Stratification by fatness does not always solve this problem because groups are not always equally balanced, resulting in lower average BMI in groups with 'fat but fit' children when compared to 'fat and unfit' children.
This study further shows that in boys there is a significant interaction between fitness and fatness which states that high fitness attenuates the association between fatness and clustered cardiometabolic risk especially in those who had higher increases in BMI between age 11 and age 16. For HOMA-IR, comparable results were found. One prospective study in which the association between fatness, fitness, and cardiometabolic risk was found. The Amsterdam Growth and Health Longitudinal Study followed 364 individuals (189 women) from adolescence (age 13) into adulthood (age 36) on fatness, fitness, and cardiometabolic risk (28) . This study found independent influences of fatness and fitness on cardiometabolic risk. The associations between fitness and the metabolic syndrome decreased considerably when adjusted for fatness, but the associations remained statistically significant. The authors suggest that poor fitness may be associated with cardiometabolic risk partly because of its associations with body fatness (29) and also because of other mechanisms including insulin resistance (30), subclinical inflammation (31), or a common genetic background (32), (33) that predisposes to low fitness and increased cardiometabolic risk.
Limitations and advantages
This study shows some limitations while overweight girls were more often excluded due to missing data on fitness which might result in selection bias. In this study puberty was assessed by using two different methods, one filled in by the parents (Tanner) at the first examination and second filled in by the adolescents (PDS) at the third examination. This might result into a less accurate definition of the maturity status, but does not influence the main outcomes. The advantage of this study is that it shows in a longitudinal design that childhood fatness, increasing fatness, and fitness are independently associated with clustered metabolic risk and HOMA-IR. However, only fatness measures were tracked. In this study, BMI as well as skinfolds were used as measures for fatness. Because BMI showed more obvious associations with the clustered cardiometabolic risk and HOMA-IR compared to skinfold, most of the time results from BMI are presented. This study used a valid measure of fitness and a subsample of participants (48%) was checked for maximal exhaustion rendering the measurements accurate.
To improve cardiometabolic risk in adolescents, interventions need to focus not solely on reducing fatness but also on physical activities that improve fitness.
